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We present a theoretical study of the magnetic band struc- 
ture of conduction and valence states in Quantum Well Wires 
in high magnetic fields. We show that hole mixing results 
in a very complex behavior of valence edge states with re- 
spect to conduction states, a fact which is likely to be im- 
portant in magneto-transport in the Quantum Hall regime. 
We show how the transition from one-dimensional subbands 
to edge states and to Landau levels can be followed by op- 
tical experiments by choosing the appropriate, linear or cir- 
cular, polarization of the light, yielding information on the 
one-dimensional confinement. 



Quasi-one-dimensional (Q1D) semiconductor struc- 
tures are promising systems for the investigation of novel 
optical and transport properties, as well as for poten- 
tial technological applications. |jj The nature of mag- 
netic states in Q1D structures is of primary importance 
in the understanding of transport properties, e.g., in the 
Quantum Hall regime. Besides, characterization of the 
currently challenging growth of these structures and in- 
formations on the lateral confinement can be gained by 
use of high magnetic fields; in fact, in Q1D structures, 
the magnetic field provides an additional tunable confine- 
ment length which can range from much larger to much 
smaller than the lateral dimension of the wires and can 
therefore be used to characterize the lateral confinement 
length in these structures. 

Optical characterization of Q1D structures provides 
very detailed information on electronic states; band 
structure effects, such as the coupling between heavy- 
hole (HH) and light-hole (LH) valence states, have been 
shown to affect the interband optical absorption of Q1D 
and of laterally modulated structures at zero and low 
magnetic field, [p| giving rise to anisotropic absorption 
for linearly polarized light. 

In this paper we present a theoretical study of the elec- 
tronic and optical properties up to high magnetic fields of 
Quantum Well Wires (QWW) obtained by lateral etch- 
ing of a Quantum Well (QW). || The alternative method 
of growth of Q1D structures by deposition on non-planar 



substrates is also used to achieve smaller confinement 
lengths. H,|| In QWWs, electronic states have either a 
quasi-2D (Q2D) or a Q1D character, depending on the 
size of the additional lateral confinement with respect to 
the underlying QW. 

As mentioned above, theoretical m and experimental 
H0~H] investigations have shown that, at zero and low 
magnetic field, the in-plane anisotropy induced by ID 
quantization can be probed by linearly polarized inter- 
band spectroscopy. Here we show that, in high magnetic 
fields, instead, the anisotropic absorption for circularly 
polarized light of different helicity is more appropriate to 
study the features resulting from the field-induced hole- 
mixing; A comparison of linearly and circularly polarized 
light absorption as a function of the field directly probes 
the lateral potential by monitoring the transition from 
the low field regime, dominated by ID confinement, to 
the high field regime, dominated by Landau quantiza- 
tion. 

In Sec. H we outline the method of calculation of con- 
duction and valence states in Q1D structures from zero to 
high magnetic fields. In Sec. [n]we focus on the different 
nature of valence and conduction edge states in QWWs. 
In Sec. Ill we present the calculated optical absorption 
spectra in linearly and circularly polarized light. Finally, 
summary and conclusions are given in Sec. |v|. 



I. METHOD 

We consider a QWW such as shown in Fig. 1, which 
we model by a (OOl)-grown QW, of length d z , and a lat- 
eral infinite square well along (100), of length d x . In the 
following we call V e (z), V h (z) the QW confining poten- 
tial for electrons and holes, respectively, and V(x) the 
infinite well potential acting laterally on both electrons 
and holes. We will also consider this system in presence 
of a magnetic field B directed along the (001) direction. 
Previous calculations of hole states in B ^ have con- 
sidered weak sinusoidal potentials, which allow a simpler 
analytical approach. || For both the B=0 and B^0 cases 
we will also calculate the absorption strength for dipolar 
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interband transitions for linearly and circularly polarized 
light perpendicular to the layers, as illustrated in Fig. 1. 
As we will show below, the assumption of an infinite well 
in the x-direction allows to reduce the 2D problem to two 
ID problems. In other words, it allows to factorize the 
electron envelope function \l/ e (r) into the product of the 
envelope functions of the QW bound states ip e (z) times 
the envelope functions 4>{x) of the lateral potential V(x), 
also in presence of a magnetic field. Furthermore, the 
same factorization applied to the uncoupled HH and LH 
states serves as a suitable representation to include the 
hole mixing. Conversely, the choice of a QW profile in 
the z direction can be easily extended to more complex 
potential profiles, such as coupled QWs. 

We obtain the electron and hole energy levels and en- 
velope functions by solving separately the effective-mass 
electron and hole Hamiltonians. 



A. Case B = 

In zero field the effective-mass electron Hamiltonian 
reads 



Equation (||) is obtained from the Luttinger Hamilto- 
nian written in the basis of the eigenstates of the 
J = 3/2 total angular momentum, 
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where m*(z) is the bulk conduction electron effective 
mass which depend on the material and, therefore, on 
the z coordinate; the usual current-conserving kinetic op- 
erator |[o| has been used accordingly. We neglect non- 
parabolicity effects. 

The hole Hamiltonian is 



after the substitutions k x — ■> —id/dx, k z — > —id/dz, and 
symmetrization of the non-commuting products fl^ j be- 
tween d/dz and the z-dependent 7;'s. 

The eigenstates of H e can be factorized as i &n,m{ F ) = 
e lkyV ' (j) m (x)ijjn( z ) > where n labels the bound states of 
the QW potential V e (z), and m the analytical solu- 
tions of the infinite well V(x). Consequently, the eigen- 
values of ([!]) depend quadratically on the in-wire mo- 
mentum k y . The solution of the valence states is more 
complex because the off-diagonal terms in H h couple 
the solutions of the diagonal, electron-like terms 
and Hi. Following Bockelmann and Bastard, ||] we 
first solve the electron- like HH and LH Hamiltonians, 
H h + V h (z) + V(x) and Hi + V h (z) + V{x), giving 

e lk yy^ h H (z)(j) m {x) and 
'rfnf ( z )4>m(x), where n/j,n; label the HH 
and LH states. Then we expand the solution of the hole 
Hamiltonian H' 1 onto the following basis set 

5 Ul ' \HH+;n h ,m) = 0,0,0), (5a) 

\LH~-num) = (0,3^,0,0), (5b) 

(5c) 

\HH-;n h ,m) = (0,0,0,^ m ). (5d) 



the factorized solutions ^n^m 
*n"m = e^y^(z) 
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with 
H h = 
Hi = 
c± = 
b± = 



In the expansion, we let rih, ni run over all iV^ bound HH 
and Ni bound LH states of V h (z), while m runs over M 
eigenstates of V(x) (typically we take M = 15). Finally 
we diagonalize the resulting 2 x (Nh + Ni) x M Hamil- 
tonian. Due to the off-diagonal couplings, therefore, the 
valence band states cannot be assigned to a single set of 
j indices (n,m), in contrast to conduction electrons; this 
fixing results in a strongly non-parabolic in-wire energy 
dispersion. 

When we diagonalize the hole Hamiltonian H , wc do 
not make the axial approximation, as assumed in Ref. || , 
which is more severe in QWWs than in QWs as shown 
later in Section III. 
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When we include a uniform magnetic field B = 
, Jjl 0, B) along the QW growth direction, described by 
^tne vector potential A = (0,Bx,0), the electron Hamil- 
tonian H e , neglecting the electron spin splitting, reads 
(3d) 
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where mo is the free-electron mass, 71,72 and 73 are the 
Luttinger parameters and I4 is the identity 4x4 matrix. 
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and the hole Hamiltonian H becomes 

n h - 2 KPb bj z , 

where H h is given by (Q) with 



(7) 



72 J 



H h = (71 
H = (71 - 72 
c± = -\/3 

b± = -V5 



72 



r ft 2 9 2 


mow 




2 


: ft 2 9 2 


UloUJ 


2mo c*ie 2 


2 


/ n 2 d 2 


mnOJ 


\ 2mo dx 2 


+ 2 



d huj 
2m ox 2 



- £0) 


h 2 d 


2m,Q dz 


- so) 


h 2 d 


2mo dz 






d 


d \ 

f a; 73 J ■ 



(71 
(71 



J 2 is the diagonal matrix representing the z-component 
of the angular momentum operator in the basis (Q); k 
is an additional Luttinger parameter, uj = eB/mo is the 
cyclotron frequency and xq — —l^ky is the semiclassi- 
cal 'orbit center', where l m = (h/eB) 1 / 2 is the magnetic 
length. The hole eigenstate dependence on the in-wire 
wavevector k y of the B = case, is now replaced by the 
dependence on xq. 

Both for H e and for the diagonal terms of H h the lat- 
eral potential in the x direction is, at B 0, the sum of 
the infinite well plus a parabolic effective potential. The 
latter term is equal for the two Hamiltonians so that, at 
each B and each xq, the electron and hole <^ m (x)'s are the 
same, as in the B — case. In high magnetic fields, the 
</>m (x) 's reduce to harmonic oscillator eigenstates when 
xq is far from the barrier, i.e., when the confinement 
along x due the parabolic magnetic potential is not af- 
fected by the infinite barriers; instead, when xq is near 
the barriers the (f> m (x)'s are the so-called edge states. Q 
In view of the possible application to other confinement 
potentials, we have found convenient to compute both 
the i/} n (z)'s and the ^ m (a;)'s numerically by direct inte- 
gration of the Schrodinger equation in real space. 



II. ENERGY LEVELS AND EDGE STATES OF 
QWWS 

In Fig. 2(a) and Fig. 2(b) we show the calculated hole 
subbands for QWWs formed by a GaAs/Al .35Gao.65As 
QW of width d z = 10 nm and by lateral infinite wells of 
width d x = 30 nm and d x = 100 nm respectively. Each 
HH and LH bound state of the QW is split by the lateral 
potential into a series of ID subbands of mixed charac- 
ter. In Table I we give the orbital composition of selected 
states as compared to the purely HH or LH states of the 
QW at zero in-plane wavevector. As expected, the addi- 
tional confinement energy and hole mixing is much less 
for d x = 100 nm than for d x = 30 nm. Furthermore, in 
Fig. 2(a) and Table I we compare the calculated ID hole 



subbands with those obtained within the axial approxi- 
mation for the same structure. The anisotropy-induced 
couplings have a rather strong effect on the curvature of 
the subbands; in particular, the electron-like curvature 
of the light hole derived ID subbands is strongly reduced 
in the axial approximation. In fact, as sketched in the 
ingefetf-Fig $fb(^)dp^1fe)the(f|akntization of the lateral 

Zy 

>pr k|| = (k% S ,k y ), away 
underlying, anisotropic 

Here k„ 



waveve^for k x , each in-wire momentum k y corresponds 



(010) 

QW band s^rtidture. |14|] Here fc? 1 = rmr/d x , where m is 
Ipamd index. Trferefore, as it is apparent 
in Fig. 2(a), in QWWs not only the in-wire dispersion 
but also the hole confineme^d^nergies are affected by 
the axial approximation. 

In Fig. 3 we show the electron and hole magnetic lev- 
els at B = 10 T for the same QWW of Fig. 2(b). We 
plot the magnetic levels as a function of the semiclassical 
'orbit center' xq. The most striking effect is that, while 
the electrons (Fig. 3(a)) display a ladder of edge states 
with well defined increasing oscillator number, |l5f| the 
valence edge states (Fig. 3(b)) have complicated shapes 
which are likely to be of relevance for magneto-transport, 
particularly in the integer Quantum Hall regime. As for 
the ID subbands, also here the axial approximation is 
very severe. 

The comparison of Figs. 3(a) and 3(b) clearly shows 
that, for holes, the cross over from bulk Landau levels 
to edge states close to the barrier is less straightforward 
than for electrons. In fact, each hole state is a mixture 
of oscillator states of different quantum number m. As a 
consequence, each component starts feeling the effect of 
the barrier at a different value of the magnetic field. As 
shown in Table II, the second hole level is the only one 
almost purely m = and, indeed, it starts deviating from 
a flat dispersion at the same xq as the m = electron 
state, while all others have a mixed composition resulting 
in more complicated dispersions. 

This point is further clarified by aid of Fig. 4 and Table 
II. In Fig. 4 we compare the calculated hole magnetic 
levels for the two QWWs of Fig. 2 (d z — 10 nm and 
either d x = 30 nm or d x = 100 nm) in a magnetic field of 
10 T and 30 T. We recall that at B = 10 T, l m ~ 8nm, 
i.e., comparable to half the thinner d x , while at B = 30 T, 
l m ~ 4.7 nm, i.e., smaller than half d x for both structures. 
Therefore, at B = 10 T, for d x = 30 nm (panel 4(a)) all 
Landau levels are perturbed by the lateral barriers also 
at the center of the well, while for d x — 100 nm (panel 
4(c)) the first edge states evolve to flat Landau levels 
away from the barrier. Conversely, at B = 30 T (panels 
4(b), 4(d)) we find that the energy structure of all edge 
states down to -40 meV is the same for the two values of 
d x and is dominated by Landau quantization, due to the 
field, rather than by the one-dimensional confinement. 

Table II gives a rationale for this behavior. It can be 
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seen that very few states are basically composed of only 
one harmonic oscillator number and that the mixing in- 
creases with increasing B. Furthermore, at high helds, the 
eigenvalues at the center of the well of the low oscillator 
index levels do not depend any more on the lateral poten- 
tial. This transition takes place at different values of the 
magnetic field for each level as illustrated in Fig. 5. Here 
we show the evolution of electron and hole states as a 
function of the field for two values of d x . The striking dif- 
ference between electron and hole levels is related to the 
mixed composition of the hole states, given in Table II; 
The non-trivial behavior of hole levels in Fig. 5 suggests 
that the transition from the low field regime, dominated 
by ID quantization, to the high field regime, dominated 
by Landau quantization, is associated with large changes 
in the wavefunction composition, with consequent influ- 
ence on the matrix elements for optical transitions, which 
we calculate in the next section. Our aim is to show that 
the transition from the low to the high field regime can be 
monitored by optical experiments with linearly and cir- 
cularly polarized light, giving unambiguous information 
on the lateral confinement. 

III. OPTICAL ABSORPTION IN QWW 

At B=0, the two in-plane linear polarizations of the 
light induce different inter-band absorption probability, 
as a consequence of the one-dimensionality of the hole 
states, H while the two circular polarizations give the 
same absorption intensity. At the opposite limit of very 
large fields, the situation is reversed: we expect the two 
in-plane linear polarizations to give degenerate spectra, 
due to the recovered two-dimensional character of hole 
states, while the two circular polarizations of the light, 
being coupled to different components of the spin-orbit 
coupled states, give different spectra. Therefore, in the 
intermediate regime, we expect large changes in the ab- 
sorption spectra for both circularly and linearly polarized 
light, as shown next. 

Strictly speaking, a calculation of magneto-optical 
properties in Q1D structures should include excitonic ef- 
fects. The exact inclusion of the Coulomb interaction 
is, however, a complicated task in itself and theoretical 
calculations exist only for model, purely ID structures 
in zero field. M] However, several studies [ p7|Jl8| have 
shown that, in Q2D structures, a perturbative excitonic 
correction [jl9| added to the one-particle absorption spec- 
tra yield a good description of magneto-optical experi- 
ments in the high field regime, provided the hole mixing 
is included. Therefore, we expect our results, obtained in 
a one-particle approximation, to be qualitatively correct, 
particularly in the high field regime close to the transition 
to a 2D behaviour. 

In Fig. 6, we compare the calculated optical absorption 
spectra for linear and circular light polarization at B = 



10 T and B = 30 T and for d x — 30 nm; we have labelled 
the main features according to the orbital character of 
the initial (hole) and final (electron) states involved in the 
transitions. The mixing of hole states makes that very 
many hole levels have not vanishing oscillator strength 
for the transition to the same electron state, making the 
spectra rich and informative. For instance, at 10 T the 
transition LH^q — > ej , which is induced by a + polarized 
light, gives rise to a single peak in the spectra, while 
the transition LHJ, — * e 10 is split into three peaks in 
(7~ polarization. In fact, as shown in Table II, there is 
only one level (level 6) with strong LH~ character and 
a strong m = component, while there are three levels 
with LH + and m = character (levels 5, 10 and a deeper 
one which is not reported in the table). 

Figure 6 shows that, while the spectra for light lin- 
early polarized along the two in-plane direction of the 
QWW become very similar at high fields, as we expect 
from the isotropic character of the orbital motion, large 
differences are present in the spectra calculated for the 
two circular polarization of the light, as observed in Q2D 
structures. |l7]] Hence, these differences can be regarded 
as a fingerprint of the transition from ID dynamics to 
Landau quantization; by studying the evolution of the 
linear and circular absorption, the transition from the 
low field to the high field regime can be followed, yield- 
ing quantitative information on the effective length of the 
ID confinement. 

Figure 7 shows how the anisotropy between spectra ob- 
tained from linearly polarized light decreases as a func- 
tion of the field. Calculations are performed for the 
same sample of Fig. 6. The anisotropy is expressed 
as 100 x {I x — Iy)/(I X + I y ), where I x and I y are the 
heights of the lowest energy peak of the absorption 
spectra calculated for the x and y polarizations, re- 
spectively. As expected from the above discussion, the 
anisotropy is strongly quenched by the field and decreases 
monotonously from 10 % at B = to 3 % at B = 20 T for 
this sample. At fields larger than 20 T, this peak splits 
into a double peak, as shown in Fig. 6 at 30 T, and the 
above definition does not apply. 

Finally, in Fig. 8 we show the evolution of the cal- 
culated spectra for the two circular polarizations of the 
light as a function of magnetic field for the d z = 10 nm, 
d x = 30 nm sample. Hole mixing is responsible of com- 
plex features in the low-energy range, which could hope- 
fully be experimentally detected. In Fig. 8 the calculated 
spectra for the o~ polarization show a clear anticross- 
ing behavior around 1590 me V. This feature, which is 
due to HH-LH mixing and would be absent in a simple, 
uncoupled-holc model, can be seen, again, as a finger- 
print of the transition between ID subbands to Landau 
levels of hole states. Note that this anticrossing is totally 
absent in the corresponding peaks for the er + polarization 
as a consequence of the smaller mixing of HH~ and LH~ 
states as compared to HH + and LH + states (see Table 
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II). 



IV. CONCLUSIONS 



We have presented a study of the electronic structure 
of rectangular QWWs following the transition from the 
ID quantization at zero magnetic fields of the subband 
structure to Landau quantization at high magnetic fields. 
We have focused on the behavior of the spin-orbit coupled 
valence band, and, to this purpose, we have developed a 
method of solution of the Luttinger Hamiltonian for Q1D 
structures both at B=0 and B^O. We have shown that 
the hole mixing gives rise to a rather complex edge state 
structure compared to electron states. Furthermore, we 
have shown that a study of the optical interband tran- 
sition for linearly and circularly polarized light could be 
used to get informations on the lateral confinement. As 
we discussed in Sec. Ill, excitonic effects, which are ne- 
glected in the present calculations, should not change 
qualitatively our results, particularly in the regime of 
high fields. Furthermore, the present one-particle cal- 
culation, which takes into account the coupled nature of 
the valence subbands, is a necessary ingredient for a suc- 
cessive calculation of the magneto-exciton. 

This study is also preliminary to a study of more com- 
plex Q1D structures |^,|| showing very promising optical 
properties. In these structures, the two confinement di- 
rections are of comparable width and have potential bar- 
riers of the same high and, therefore, should be treated 
on the same foot. Theoretical investigations of valence 
states in these structures are currently in progress. We 
hope that the present work will stimulate further exper- 
imental and theoretical work both on the transport and 
optical properties of these interesting systems. 
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FIG. 1. Sketch of the rectangular QWWs considered here. 
We assume infinite potential barriers for the lateral well in the 
x direction. The direction of the magnetic field, as well as the 
configuration for optical interband absorption with circularly 
and linearly polarized light, are also indicated. 



FIG. 2. (a) One-dimensional valence subbands for a 
GaAs/Alo.ssGao.esAs QWW with d z =10 nm and ^=30 nm. 
Solid line: full inclusion of hole mixing; dashed line: axial 
approximation, (b) One-dimensional valence subbands for a 
GaAs/Al .35Gao.65As QWW with d z =10 nm and (4=100 nm. 
The inset shows how the warped QW band structure is fur- 
ther quantized by the one-dimensional potential so that each 
in-wire momentum k y corresponds to an effective in-plane 
wavevector kii = (k^,k y ), away from the (010) direction, 
of the underlying, anisotropic QW band structure. 
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FIG. 3. Conduction (a) and valence (b) edge state en- 
ergy of a GaAs/Alo.35Gao.65As QWW with d z — 10 nm and 
d x — 100 nm at B — 10 T as a function of the semiclassi- 
cal 'orbit center' xo- The origin of energy is at the conduc- 
tion and valence bulk band edge, respectively. The origin 
xo — is chosen to coincide with the infinite barrier edge, 
indicated by the vertical dotted line, the wire extending from 
to — d x . Conduction (valence) edge states are bent upward 
(downward) due to magnetic confinement close to the barrier. 
Valence edge states calculated with full inclusion of the hole 
mixing (solid line) are compared with those calculated within 
the axial approximation (dashed line). 



FIG. 4. Valence edge states of GaAs/Alo. 35Gao.es As 
QWWs with d z = 10 nm: (a) d x = 30 nm, B — 10T; (b) 
d x = 30 nm, B = 30 T; (c) d x = 100 nm, B = 10 T; (d) 
d x — 100 nm, B = 30 T. xo = is set at the position of the 
right hand infinite barrier, indicated by vertical dotted lines. 
Vertical dashed lines in panels (a) and (b) indicate the wire 
center; the edge states are symmetric with respect to the wire 
center. Notice that, at B = 30 T, the edge states of the two 
samples have become identical down to ~ — 40meV. 



HHi 
LHi 
HH 2 



QW 

d x — 00 



E 



-7.39 
-22.55 
-29.39 



QWW, d x = 100 nm 



E HH/LH m = 



-7.62 


100 


100 


-9.94 


98 


-22.52 


85 


59 


-23.06 


84 


-30.19 


85 


85 


-35.89 


67 



QWW 
Full calculation 



E HH/LH m = E 



= 30 nm 
Axial approx 
HH/L 
98 -10.14 98 
81 -23.41 89 
62 -35.64 63 



TABLE I. Comparison of orbital character of the QW 
bound states and of the QWW levels at k y — having mainly 
m — character at B — for the two differently confined 
QWWs of Fig. 2. For each QWW, we give the energy (in 
meV) of the lowest level deriving from each pure QW state, 
the percentage of HH or LH character, and the percentage of 
m — character. The pure QW HHi, LHi and HH2 levels 
are further confined by the QWW potential V(z) and acquire 
a mixed HH-LH character. 



FIG. 5. Top panel: shift of the conduction edge states 
calculated at the wire center as a function of the magnetic 
field for d x = 30 nm (solid line) and d x = 100 nm (dashed 
line). Conduction edge states subsequently converge to the 
bulk value. Bottom panel: shift of the valence edge states 
calculated at the wire center as a function of the magnetic field 
for d x = 30 nm (solid line) and d x = 100 nm (dashed line). 
The origin of energy is at the conduction and valence bulk 
band edge, respectively. Notice that, contrary to electrons, 
the convergence to bulk energies does not occur in a regular 
fashion for holes. 



FIG. 6. Calculated optical absorption spectra of a 
GaAs/Alo. 35 Gao. 65 As QWW with d z — 10 nm and d^=30 nm 
for linear (X, Y, Z) and circular (a + , o~) light polarization 
at B = 10 T and B = 30 T, as indicated in each panel. Calcu- 
lated spectra have been convoluted with a 5meV gaussian 
broadening. We have labelled the main transitions initial 
state — > final state, where the initial valence state is labelled 
according to its main component (HH^ m or LH* m ) and the 
final electronic state is labelled as eJjL 



FIG. 7. Anisotropy of the calculated absorption spectra 
with linearly polarized light as a function of the magnetic 
field and for the sample of Fig. 6. I x and I y are defined in 
Sec. III. 



FIG. 8. Calculated optical absorption spectra of a 
GaAs/Al .35Ga .65As QWW with d z = 10 nm and 
d x = 30 nm for the two circular polarizations of the light. 
Notice the avoided crossing around E ~ 1590 meV for cr~, 
absent in the a + polarization. 
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d z 


= 10 nm, d x = 30 nm, B = 


1U 1 






band E(meV) 
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m 




m 
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-10.24 


0.89 
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0.07 


2 






2 


-10.69 


- 


- 


0.98 





_ 




0.01 


2 


3 


-16.29 


0.72 


1 


- 


- 


0.20 
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4 


-17.50 






0.70 


1 






0.20 


1,3 


5 


-19.35 






0.36 


2,0 






n ^4 


9 


6 


-19.47 


0.03 


2 






0.82 
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-21.09 






0.28 


3 






0.52 


1 


8 


-23.12 


0.53 


2 






0.36 


2 4 






9 


-24.01 


0.09 


3 






0.76 


1 






10 


-25.91 






0.09 


4 






0.78 


0,2,4 




d z 


= 10 nm, d x = 30 nm, B = 


OU 1 






band E(meV) 


HH+ 


m 


HH~ 


m 


LH- 


m 




m 


1 


-11.52 


0.77 









0.17 


2 






2 


-15.96 






0.95 





- 




0.05 


2 


3 


-19.89 


0.02 


2 






0.85 









4 


-20.27 


0.61 


1 






0.29 


3 






5 


-20.27 






0.15 


3 






n R4 




6 


-20.78 






0.24 


2 






0.70 





7 


-27.38 






0.23 


4 






0.64 


2 


8 


-28.42 


0.51 


2 






0.36 


4 






9 


-29.47 






0.58 


1 






0.25 


3 


10 


-30.50 


0.07 


3 






0.78 


1 








d z 


= 10 nm, d x = 100 nm. 


,B = 


oil 1 






band E(meV) 


HH+ 


m 


HH~ 


m 


LHj 


m 




m 


1 


-11.56 


0.76 









0.17 


2 






2 


-15.93 






0.95 









0.05 


2 


3 


-19.87 


0.03 


2 






0.84 









4 


-20.37 






0.15 


3 




~ 


0.64 


1 


5 


-20.41 


0.60 


1 






0.29 


3 






6 


-20.79 






0.24 


2 






0.70 





7 


-27.42 






0.26 


4 






0.61 


2 


8 


-28.54 


0.49 


2 






0.38 


4 






9 


-29.37 






0.54 


1 






0.29 


3 


10 


-30.48 


0.09 


3 






0.76 


1 







TABLE II. For different values of d z , d x and B, this ta- 
ble gives, for the lowest subbands, the energy and the HH^ , 
HH± , LH} , and LH^ character at xo located at the center 
of the lateral well. For each component, the main Landau 
oscillator index is indicated. Notice that at B = 30 T the 
eigenvalues with low oscillator index do not depend on the 
confining length d x . 
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